S ince the pioneering work by Paul Tessier and his colleagues, there has been continued development of novel surgical and anesthetic techniques aimed at improving the outcomes and safety of craniosynostosis surgery. Paradoxically, 40 years on there is still a paucity of established objective measures, leading to difficulty in evaluating these advancements. 38 Analysis of perioperative morbidity and mortality offers an important tool for such evaluation, but it is not without limitations. 25 To begin with, there is no agreement as to what complications (including nonsurgical and/or minor surgical) should be counted, producing wide variation in published morbidity rates, ranging between 0% and 40%. 1, 6, 12, 15, 16, 21, 23, 24, 26, 32, [34] [35] [36] 39 Quality indicators, such as blood loss, transfusion load, hospital stay, and reoperation rates, also suffer from a lack of standardization. Blood loss is estimated by the anesthetic team or calculated from clinical markers, but poor correlation between these 2 methods 20,30 makes them unreliable. Perioperative transfusion is not always recorded 15, 42 or may only pertain to intraoperative transfusion. 28 There is no agreement whether it should be expressed as a rate, OBJECTIVE Complications have been used extensively to facilitate evaluation of craniosynostosis practice. However, description of complications tends to be nonstandardized, making comparison difficult. The authors propose a new pragmatic classification of complications that relies on prospective data collection, is geared to capture significant morbidity as well as any "near misses" in a systematic fashion, and can be used as a quality improvement tool. METHODS Data on complications for all patients undergoing surgery for nonsyndromic craniosynostosis between 2010 and 2015 were collected from a prospective craniofacial audit database maintained at the authors' institution. Information on comorbidities, details of surgery, and follow-up was extracted from medical records, anesthetic and operation charts, and electronic databases. Complications were defined as any unexpected event that resulted or could have resulted in a temporary or permanent damage to the child. RESULTS A total of 108 operations for the treatment of nonsyndromic craniosynostosis were performed in 103 patients during the 5-year study period. Complications were divided into 6 types: 0) perioperative occurrences; 1) inpatient complications; 2) outpatient complications not requiring readmission; 3) complications requiring readmission; 4) unexpected long-term deficit; and 5) mortality. These types were further subdivided according to the length of stay and time after discharge. The overall complication rate was found to be 35.9%. CONCLUSIONS The proportion of children with some sort of complication using the proposed definition was much higher than commonly reported, predominantly due to the inclusion of problems often dismissed as minor. The authors believe that these complications should be included in determining complication rates, as they will cause distress to families and may point to potential areas for improving a surgical service.
of units given. 35 Length of hospital stay may vary considerably depending on local policies. 15, 25 Reoperation rate is commonly used to describe repeat surgery for cosmetic reasons, 32 ,35 yet occasionally procedures for complications such as infection or CSF leak are included. 18 Lastly, the overwhelming majority of published data are collected retrospectively, 15, 16, 18, 32, 36, 42 likely resulting in underreporting of significant occurrences.
2,36
In the United Kingdom, the "Oxford classification," designed by Steven Wall in the late 1990s, is used to tabulate complications for the Craniofacial National Audit (personal communication). This classification system splits complications into 5 types, focusing on prolonged discharge, reoperation, long-term sequelae, or death (Table 1) . Although this classification has the advantage of simplicity and captures most complications, neither intraoperative complications nor readmissions are captured; moreover, the classification is not time-specific, and it is open to different interpretations for recording complications. The purpose of this paper is to describe a new classification of complications in craniosynostosis surgery introducing objective, time-specific criteria that can be used for internal audit and external benchmarking, appraisal of new techniques, and counseling of patients and families.
Methods
Data on complications of surgery for nonsyndromic craniosynostosis performed between 2010 and 2015 were collected from a prospective craniofacial audit database that is maintained by a craniofacial nurse specialist (S.P.) at our institution. This was complemented by retrospective analysis of medical records, anesthetic and operation charts, and electronic databases to gather information on patients' comorbidities, details of surgery, and follow-up. Comorbidities were grouped on the basis of systems involved, using a modified classification from Tahiri et al. 36 Syndromic cases (i.e., those morphologically and/or genetically associated with a recognized craniosynostosis syndrome) were excluded.
Procedures were split into major and minor calvarial reconstructions (MACR and MICR, respectively) for sagittal synostosis, frontoorbital advancement and remodeling (FOAR) for metopic and coronal synostosis, and posterior release as a first stage for bicoronal synostosis where indicated. MACR included total calvarial reconstructions, anterior or posterior two-thirds, and modified pi procedures; Renier H corrections with added occipital bullet remodeling were also allocated to this group. MICR consisted of localized corrections of saddle deformity, spring-assisted surgery, and unmodified Renier H corrections. While spring removal was not regarded as a separate procedure for purposes of data analysis, any related complications and transfusions were reviewed. Secondary procedures were considered separately and included second-stage operations for bicoronal or multisuture synostoses (defined as operations planned before but carried out after the index procedure), or in 1 case reshaping for a patient who had previously undergone an operation elsewhere. Craniotomies for intracranial hypertension were merged into a stand-alone category, irrespective of suture involvement or whether they were done as a primary or secondary procedure. Intracranial hypertension was defined as intracranial pressure (ICP) > 15 mm Hg on invasive monitoring 10, 19 and/or presence of papilledema on fundoscopy 19 as diagnosed by a pediatric ophthalmologist (V.L.) in the absence of hydrocephalus. 19 Standard anesthetic practice involved an inhalational agent, remifentanil infusion, and adjunctive analgesia, as well as clonidine where needed. Scalp nerve blocks were used in most cases to reduce intraoperative bleeding and decrease the need for systemic opioids. A continuous autotransfusion system (Fresenius C.A.T.S., Terumo) was used in selected cases. Postoperatively, patients were admitted to a pediatric high-dependency unit with regular analgesia and morphine infusion as required. Special attention was given to fluid therapy because of the risk of acidosis. Hemoglobin levels were checked from arterial samples at 1, 4, and 24 hours after surgery; in addition, blood samples were sent for formal tests on Day 1. Blood transfusion (10-20 ml/kg) was initiated when the hemoglobin level was demonstrated to have decreased below 70 g/L. No agents such as tranexamic acid or erythropoietin were used during the study period to minimize the need for transfusion.
Complications were defined as any unexpected event that resulted in or could have resulted in temporary or permanent damage to the child. Complications were divided into 6 types (0-5) with 2 to 4 subcategories in each (Table 2 ). Means and standard deviations (SDs) were calculated using postoperative length of stay (LOS) for procedures with no associated adverse events. These were applied to define Categories 1A and 1B. Prolonged LOS (more than 2 SDs above the mean) was then counted toward complications irrespective of its association with adverse events. Inadvertent injury to the meninges was not considered a complication if the injury was small (few millimeters), repaired intraoperatively, and did not result in postoperative sequelae. Pyrexia of unknown origin was included only when specific management was given (antibiotic therapy and/or readmission). Where criteria for more than 1 category were satisfied (e.g., excessive blood transfusion [Category 0A] associated with prolonged stay [Category 1B]), both were counted. Complications requiring readmission were split into nonsurgical (Categories 3A and 3B) and surgical (Categories 3C and 3D). Surgical complications were defined as those relating to the wound, cranium, meninges, brain, or CSF that had to be treated with surgery. It was deemed appropriate to categorize them separately (Table 3) using established definitions 8, 14, 39 where available. Subgaleal hematoma and noninfectious wound problems were specifically defined for purposes of this study as they are more common in craniosynostosis surgery. 36, 42 Conservatively managed wound infections were defined using the same criteria as those treated surgically. 8 Unexpected long-term deficit (Categories 4A and 4B), when neurological, was defined according to Drake et al. 14 The proposed classification was designed in a collaborative process between the senior (P.C.) and first (D.S.) authors, circulated among and approved by the members of the unit's craniofacial team, and critically appraised by the unit's statistician (M.K.). Initially, a generalized version was drafted, which was then adjusted on the basis of the existing cohort. It was further refined, drawing on complications reported in the literature, conference presentations, and personal communication with other units, the ultimate goal being the development of an objective and robust system that could be used to tabulate all potential and actual complications that arise in craniofacial surgery. Internal validity was assessed by dividing the cohort into 2 equal groups (based on whether the operation was performed before or after August 23, 2012) and comparing the distribution of complications in each.
Statistical analysis was conducted using IBM SPSS Statistics 23 (IBM Corp.) and Stata 14 (StataCorp LP). For normally distributed variables, a t-test was used to compare means between groups. The Mann-Whitney test was used for variables that were not normally distributed. A chi-square test or Fisher exact test was used for categorical data. The threshold for significance was set at p < 0.05; all tests were 2-sided where applicable.
Results

Patient Cohort
Over the 5-year period, 108 procedures were undertaken in 103 children with nonsyndromic craniosynostosis (Table 4 ). Overall, 74% of patients did not have any associated comorbidities, 15% had 1 system affected, and 11% had 2 systems affected ( Table 5 ). The median duration of follow-up was 12 months.
Surgery
The patients' mean age at surgery was 16.4 months (9.4 months for patients with sagittal synostosis). Procedures, anesthetic and surgical times, blood transfusion, and LOS are shown in Table 6 . Six patients underwent surgery for intracranial hypertension (4 primary and 2 secondary procedures). Secondary procedures for intracranial hypertension were performed in patients with multisuture craniosynostosis 4 and 6 years after the index surgery. The mean anesthetic time for all cases was 4 hours 45 minutes, and the mean surgical time was 2 hours 55 minutes. Blood transfusions were administered perioperatively for 75.9% of procedures and intraoperatively during 56.6%. The average amount of blood transfused per procedure was 11.2 ml/g intraoperatively (SD 13.0) and 5.1 ml/kg postoperatively (SD 7.9); meaningful volumes were obtained with cell salvage on 4 occasions, allowing the additional transfusion volumes of 5, 10, 10, and 20 ml/kg. Four patients had hematological disorders. Of those, 3 patients with sagittal synostosis had hemophilia A, and 1 patient with unicoronal synostosis had factor VII deficiency. Three of these patients received perioperative blood transfusions: 2 had fresh-frozen plasma and 1 required platelets. Three of 5 patients treated with spring-assisted surgery had their springs removed without complications and did not require blood transfusion; another 2 had an additional craniofacial procedure at the same sitting (outside the study period). All 5 procedures were carried out electively. The mean LOS for the cohort was 4.1 days (SD 3.7; Table 7 ).
Complications
There were 51 complications in 37 (35.9%) of the 103 patients after 37 (34.3%) of the 108 operations, including 11 cases of prolonged LOS (displayed in Fig. 1 ). Patients with comorbidities affecting 2 systems had significantly more complications than patients in the rest of the group (p = 0.004, Fisher exact test). There were 22 mild wound problems (16 noninfectious problems; 6 superficial wound infections), but no deep wound infections. There was 1 instance of excessive blood transfusion (involving a patient with hemophilia A). The only major morbidity was a case of quadriparesis in a patient with unexpected postoperative cervical cord ischemia (described elsewhere 33 ). No patient died. General anesthesia was used in the management of 10 complications (twice for 1 complication), 8 representing readmissions more than 30 days Parenchymal "A significant blood clot that expands the surgical bed, has mass effect on the surrounding brain, and/or possibly produces symptoms and signs of decreased level of consciousness, or unexpected neurological deficit." Subdural "A significant subdural blood clot that has mass effect on the surrounding brain more than expected from the surgical procedure, and/or possibly produces symptoms and signs of decreased level of consciousness, or unexpected neurological deficit." Extradural "A significant extradural blood clot that has mass effect on the surrounding brain more than expected from the surgical procedure, and/or possibly produces symptoms and signs of decreased level of consciousness, or unexpected neurological deficit." Subgaleal A subgaleal blood clot that is easily visible clinically or radiologically, significantly distends surrounding soft tissues, and is sufficiently symptomatic as to require removal. after discharge; 3 of the 8 readmissions were for revision procedures-1 for a growing skull fracture, 1 for a palpable bony defect, and 1 because of a protruding plate and screws (Table 8) .
CSF-related disorders
MACR Versus FOAR
The 2 largest surgical groups (MACR and FOAR) were compared in a separate analysis. There was a difference in age at surgery (p < 0.001, Mann-Whitney test) but not duration of follow-up (p = 0.22, Mann-Whitney test). There was no statistically significant difference between the 2 groups with respect to LOS (p = 0.20, Mann-Whitney test), number of complications (p = 0.22, Fisher exact test), or type of complications (p = 0.45, chi-square test). Additionally, the combination of MACR and FOAR was tested against MICR for the number of complications and was found to be statistically different (p = 0.005, Fisher exact test), with no complications in the MICR group.
Internal Validity
The distributions of complications in the first and second periods of the study (54 procedures each) were compared to test the classification for internal validity. There were 24 complications in the first half and 27 in the second, with no difference in distribution (p = 0.32, chi-square test).
Discussion
Recently, national guidelines and standardized parameters of care for craniosynostosis have been produced in Europe 25, 29 and the United States, 27 respectively. Nevertheless, substantial variations in practice owing to local expertise and setup remain. 3 With the increasing prevalence of craniosynostosis globally 13, 22 and some evidence suggesting subtle long-term neurocognitive sequelae in untreated single-suture synostosis, 4, 5 surgery is more frequently undertaken than previously. 13 It is thus crucial to constantly audit and refine perioperative care provided to craniosynostosis patients.
Complications are an important vehicle for outcome analysis across surgical specialties. 7, 14 While a number of classifications have been proposed focusing mainly on severity of resulting disability, interventions involved in complication treatment, or quality of life measures, 7 adverse events are still too frequently reported in a descriptive manner using authors' custom definitions. Lately, increasing focus on safety and costs has prompted development of standardized definitions in several areas of surgery. 14 In particular, the Canadian Pediatric Neurosurgery Study Group has formulated definitions of complications occurring in pediatric neurosurgery drawing on published prospective studies, randomized trials, quality indicators used by organizations such as Centers for Disease Control and Prevention, or consensus between the members of the group.
14 A different take on adverse events analysis comes from reimbursement policies used by institutions such as Centers for Medicare and Medicaid Services in the United States 37 or the National Health Service (NHS) England in the United Kingdom. 30 These institutions monitor emergency readmissions within 30 days of discharge to make financial decisions-an approach that is likely to be increasingly used in the future. 37 Additionally, data from the American College of Surgeons (ACS) National Surgical Quality Improvement Program (NSQIP) has been used to identify outliers using 30-day mortality. 41 These time-related markers quantify quality and safety of services using general terms as opposed to breaking data into multiple isolated components. They give a different dimension and allow for comparison between different units and cohorts and can be used to detect not just suboptimal but also above average performance. We speculated that extending the logic behind these measures to classify all possible complications specific to craniosynostosis surgery could represent a useful way to highlight areas that quality improvement should focus on the most.
The classification detailed in our paper aims to capture significant surgical morbidity as well as any near misses with little dependence on subjective definitions. The primary division (Types 0-5) views complications at differ- ent stages in relation to the index procedure; while the type will not always represent complication severity, the goal is to stratify complications in a useful way that will facilitate constructive analysis. Subtypes (A-D) were introduced to give further detail on complications. Data captured under Type 0 (perioperative occurrences) is designed to highlight any instances of exposure to the risk of harm, even if ultimately no harm had resulted. The ACS NSQIP Pediatric database recognizes transfusion of ≥ 25 ml/kg of packed red cells or whole blood within 72 hours of surgery as a significant bleeding occurrence. Nonetheless, as Chow et al. pointed out, 9 no data exist to demonstrate the influence of transfusion over this threshold on safety or outcome. Instead, analyzing data from the NSQIP Pediatric database for over a thousand patients undergoing cranial vault remodeling and using multivariate regression models, their group has demonstrated transfusion in excess of 60 ml/kg to be independently predictive of overall complications, medical complications, and increased length of stay. One patient in our cohort had transfusion above this threshold (95 ml/ kg); this patient had hemophilia A and required significant volumes of packed blood and fresh-frozen plasma during the perioperative period despite a preoperative hematology workup.
For Type 1 (inpatient complications), the limits set between subtypes were arbitrary; however, when translated to our cohort, most simple nonsurgical events were captured under Category 1A, while the more involved ones (melena managed with esophagogastroduodenoscopy; pyrexia and urinary tract infection both requiring prolonged courses of antibiotics) were captured under Category 1B. Prolonged hospital stay was considered separately (Fig. 1 , Category 1B, other) as it was deemed significant from the audit perspective. Similarly, any inpatient stay in excess of 2 weeks was felt to be reflective of a significant adverse event in the context of craniosynostosis surgery irrespective of possible variations in hospital stay between individual neurosurgical units. Our 1 child with a permanent postsurgical deficit was counted in this category as well because of a postoperative inpatient stay of 39 days.
For Types 2-5, subcategories were set to conform to the globally collected quality indices. Thirty-day unplanned readmission and death indicators are collected by Medicare in the United States (https://www.medicare.gov/hos pital compare/Data/30-day-measures.html); similar monitoring exists for the NHS in Great Britain (https://www. gov.uk/government/uploads/system/uploads/attachment_ data /file/509697/2016-17_National_Tariff_Payment_ Sys tem.pdf). 30 Thirty-day readmission is conventionally seen as an indicator of hospital performance 11 that is less affected by external factors (other complicating illnesses, patients' behavior, care after discharge). On the other hand, it has been argued that 30-day readmission in neurosurgery should be viewed as a sign of prudent care as patients can deteriorate rapidly and in this group, early intervention can prevent serious morbidity.
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General anesthesia is often administered to children for minor procedures (e.g., wound management, including removal of crusted scabs and hair) when it would not be used for older children or adults; this carries a small risk of side effects and will frequently cause worry to parents. 2 Of the 10 patients in our cohort who had complications involving the need for general anesthesia (all 10 being represented in the readmission group), 4 received general anesthesia for day case procedures and the 4 others received it for procedures requiring a single night's stay. The 3 unplanned revisions were all captured under Category 3D (surgical complications requiring readmission more than 30 days after discharge). As a result of the relatively high rate of superficial wound problems, we have changed our suture type for the galea (replacing Vicryl with Monocryl). An ongoing audit is under way, but our early impression is that we are experiencing fewer problems-although this remains to be confirmed.
It would be very easy to miss a lot of our complications in a retrospective audit, hence the importance of collecting data in a prospective fashion. Minor problems are not always considered worthy of analysis. 12, 17 In our cohort, 64.1% of patients had no complications and only very few had significant morbidity, but a much larger percentage (35.9%) had some minor complications. While in the long run these may have no significant effect on the outcome, we believe they should be highlighted as they are likely to cause distress to families.
2
The proposed classification system has several major strengths. Most groups are well defined, facilitating objectivity of data presentation and allowing capture of all possible complications. It is largely nonmodular; all data can be listed together, either in a table or a graph, facilitating comparison, although there is a mechanism in place for a detailed description of surgical complications requiring readmission. It contains a system of "triggers" that can be used to instigate internal investigation focusing on outlying categories. It is also specific to craniosynostosis surgery, although its expandability to other areas of pediatric neurosurgery deserves a separate evaluation. Finally, it is concordant with conventional hospital performance indices used by major institutions.
Some limitations should be mentioned. First, definition of reoperation may vary and may include interventions for cosmetic reasons (as described in the Whitaker classification of outcomes 39 ) or any episode in which a patient is taken to the operating room and/or treated under general anesthesia. 18 Because the main focus was on exposure to harm, a broader category tabulating all surgical complications (Category 3C/D) seemed more appropriate while still allowing for detailed description separately (Table 2 ). This may appear to be somewhat "diluted" by those "reoperations" made necessary by patients' young age (e.g., general anesthesia for wound management), nonetheless, we found such a division to be best suited to our purpose. Second, we have decided not to include accidental durotomies in our classification system, as complications from these should be picked up in any event (for the record, the accidental durotomy rate in our cohort was 14.8%). While some publications 15, 18 include intraoperative durotomies under morbidity and these events could be viewed as exposing patients to risk of harm (e.g., growing skull fracture), currently no evidence is available to support that concern. Third, Category 0B (significant anesthetic instability or complications) is the only category that, in our opinion, allows for subjective inclusion. To the best of our knowledge, there are no globally accepted classifications of anesthetic complications applicable to pediatric neurosurgery or craniosynostosis surgery. This may represent an area for future development. Fourth, some definitions proposed in Table 3 were made ad hoc, as a focused literature search yielded no suitable and well-established alternatives. We would welcome any suggestions on how these could be further improved. Last, the proposed classification is applied to a relatively small cohort of nonsyndromic patients, and its internal and external validity need to be examined further. Specifically, the mean age of operated patients in this cohort may appear older compared with previous Western publications. Children with craniosynostosis tend to present later in our region (mean age at referral overall and for sagittal synostosis: 8.4 and 4.8 months, respectively), consistent with some of the other British publications, 40 so a smaller operation is often not available, thus warranting a higher rate of calvarial reconstruction. Additionally, we tend to operate later in cases of uni-and bicoronal craniosynostosis in an effort to decrease the need for revision surgery.
Conclusions
The authors propose a new classification of complications in craniosynostosis surgery that relies on prospective data collection and is geared to capture significant morbidity as well as any near misses in a systematic fashion. It can be used to enhance the quality improvement process, facilitate comparison of surgical techniques including in future prospective trials, and provide reliable information for patients and physicians alike. It represents a robust morbidity-recording tool that might be of use to other aspects of pediatric neurosurgery. As commented on by Drake et al., 14 work of this type is fundamentally an iterative process and further modifications of the classification will be necessary and are welcomed. Lastly, this study shows that while serious morbidity after surgery for nonsyndromic craniosynostosis is low, the number of children developing some sort of complication is far higher (35.9% of patients in the present series) when data are prospectively collected.
